We present a study of relations between the masses of the central supermassive black holes (SMBHs) and the atmospheric gas temperatures and luminosities measured within a range of radii between R e and 5R e , for a sample of 47 early-type galaxies observed by the Chandra X-ray Observatory. We report the discovery of a tight correlation between the atmospheric temperatures of the brightest cluster/group galaxies (BCGs) and their central SMBH masses. Furthermore, our hydrostatic analysis reveals an approximately linear correlation between the total masses of BCGs (M tot ) and their central SMBH masses (M BH ). State-of-the-art cosmological simulations show that the SMBH mass could be determined by the binding energy of the halo through radiative feedback during the rapid black hole growth by accretion, while for the most massive galaxies mergers are the chief channel of growth. In the scenario of a simultaneous growth of central SMBHs and their host galaxies through mergers, the observed linear correlation could be a natural consequence of the central limit theorem.
INTRODUCTION
The masses of central supermassive black holes (SMBHs) are known to correlate with the luminosities and velocity dispersions of the stellar bulge components of their host galaxies, suggesting a coevolution of the two (Magorrian et al. 1998; Gebhardt et al. 2000; Ferrarese & Merritt 2000; Kormendy & Ho 2013; Saglia et al. 2016) . Most of the previous studies have explained the observed correlations based on the active galactic nucleus (AGN) feedback induced by the gas accreted onto the SMBH (Silk & Rees 1998; King 2003; Churazov et al. 2005 ). This picture relies on the assumption that the AGN feedback couples efficiently to the circum-SMBH gas, regulating the growth of both the SMBH and the bulge component.
However, the origin of the observed correlations may also be non-causal (Peng et al. 2007; Jahnke & Macciò 2011; Volonteri et al. 2011 ). This view is based on the central limit theorem, which suggests that a sufficient number of mergers would lead to the growth of both the mass of the SMBH lakhchaura.k@gmail.com (MBH) and the host galaxy's total mass (Mtot), resulting in a linear correlation between the two. As a consequence, any quantity that traces Mtot, must be a good proxy for MBH.
Previous studies (see Ferrarese 2002; Baes et al. 2003) investigated the connection between MBH and Mtot (which also includes the mass of the underlying dark matter halo), based on a correlation between the circular velocity (νc; related to Mtot) and the stellar velocity dispersion (σe; related to MBH). This was later rejected based on the argument that it is a result of a 'conspiracy' between baryons and dark matter that also makes the rotation curves flat (Kormendy & Bender 2011) . Recently, a relationship was also suggested between the MBH of the brightest cluster/group galaxies (BCGs) and the virial masses of their host clusters/groups, estimated from the temperature of the intra-cluster medium, albeit with a relatively large scatter of ∼0.4-0.9 dex (see Bogdán et al. 2018; Phipps et al. 2019 ).
The growth of SMBHs has also been investigated using cosmological simulations. Using the EA-GLE simulations, McAlpine et al. (2018) (see also Bower et al. 2017,Fig. 2 & 6) identify three distinct phases of a SMBH's growth depending on the mass of the host galaxy (M gal ): i) in low-mass galaxies (M gal << 10 12 M ) SMBH's growth is hindered by supernovae driven winds, ii) at M gal ∼ 10 12 M , SMBHs undergo a fast growth phase via gas accretion, thanks to the formation of hot atmospheres that efficiently prevent the supernovae-driven winds from buoyantly rising out of the galaxy's central region, and iii) in the largest galaxies (M gal 10 12 M ), SMBHs are massive enough to inject sufficient energy via kinetic mode so that they can regulate the inflow of gas and then retire to a Bondi-like low accretion rate. Weinberger et al. (2018) , using the Illustris TNG300 simulations, find a similar pattern of SMBH growth, adding that for the most massive SMBHs (MBH > 10 8.5 M ) merger become the chief channel of growth.
In this work, we have investigated the correlation between MBH and the hot galactic atmospheres of the host galaxies, based on the analysis of their Chandra X-ray observations. The details of the sample are given in §2.1; the data reduction and analysis details are given in §2.2; the results are described in §3 and discussed in §4.
SAMPLE AND DATA

Sample Selection
We have analysed archival Chandra X-ray observations for a sample of early-type galaxies, selected based on the availability of MBH estimates, obtained using stellar/gas dynamics (from Kormendy & Ho 2013 , Saglia et al. 2016 and van den Bosch 2016 , and archival Chandra X-ray observations. The black hole masses for galaxies undergoing mergers can be severely underestimated (see Kormendy & Ho 2013) . Therefore, we excluded the galaxies with recent/ongoing mergers (NGC 1316 , NGC 2960 , NGC 4382, NGC 5128, IC 1481 . As done in Kormendy & Ho (2013) , we also excluded the galaxies with SMBH masses estimated based on kinematics of ionized gas but without the broad emission line widths being taken into account (NGC 2778, NGC 3607, NGC 4261, NGC 4459, NGC 6251, NGC 7052, A1836 BCG, Cygnus A and NGC 4596) as that can also lead to an underestimation of the SMBH mass. We also excluded the well known shell galaxies NGC 3923 and IC 1459. The emission in NGC 821 and NGC 3115 was found to be heavily contaminated by the emission from unresolved point sources and therefore were excluded from the sample. The X-ray spectra extracted for NGC 5845, NGC 4026, NGC 4564 and NGC 7457 had very few counts, and therefore were deemed unusable for the analysis. The SMBH masses for 3C 449 and NGC 3945 were found to be exceedingly uncertain and therefore were excluded from the sample. The properties of the finally selected 47 galaxies, including 18 brightest central cluster/group galaxies (BCGs), 16 non-BCG elliptical galaxies, and 13 lenticular galaxies, are listed in Table 1 .
X-ray Data Reduction and Analysis
The Chandra X-ray observations of all the galaxies were obtained from the High Energy Astrophysics Science Archive Research Centre (HEASARC). We used the Chandra Interactive Analysis of Observations (CIAO) software version 4.9 (Fruscione et al. 2006) and CALDB version 4.7.3 for all the data reduction and spectral extraction. For the spectral analysis, we used the X-ray spectral fitting package XSPEC version 12.9.1 (Arnaud 1996) with ATOMDB version 3.0.7 (Foster et al. 2012) . The data were reprocessed using the CIAO tool chandra repro and time periods with strong background flares were removed using the CIAO script lc clean. Point sources in the field were detected using the CIAO task wavdetect, verified by visual inspection of the X-ray images and finally removed from all the event files.
The X-ray spectra were extracted from circular regions within the half-light radius (Re) i.e. the radius at which the integrated light is half of the total light emitted. For all the galaxies, the Re values were taken from van den Bosch (2016). We also extracted spectra for the central 10 kpc, 3Re and 5Re regions. For some of the galaxies, the 3Re or 5Re regions were found to be outside the field of view of the detector. These spectra were not used in the analysis (e.g., NGC 524). For NGC 3842, the deprojected temperature profile shows that the emission in the 3Re or 5Re regions are mostly dominated by the high temperature cluster plasma and therefore we did not use its spectra from these regions.
For all of the galaxies (except NGC 3842), the standard Chandra blanksky files were used to extract the background spectra. The matching blanksky event files were selected and reprojected to match the source observation coordinates. The time-dependent particle background levels were matched by scaling the blanksky spectra by the 9.5-12 keV count rate ratios of the source and blanksky observations. Due to projection effects, for NGC 3842 (A1367 BCG), the galactic X-ray emission was highly contaminated by the emission from the surrounding high temperature (∼4 keV) intracluster medium. Therefore, for NGC 3842, we used the data extracted from an annular region, just outside Re, for the background spectrum.
The X-ray spectrum for each galaxy was modeled with an absorbed single-temperature apec component that describes a thermal plasma in collisional ionization equilibrium. The temperature, metallicity, and spectrum normalization were included as free parameters (for details, see Lakhchaura et al. 2018) . For the neutral hydrogen column density, we used the Swift Galactic NH tool, which uses the method of Willingale et al. (2013) . The redshift was taken from the SIMBAD database (Wenger et al. 2000 ). An additional thermal bremsstrahlung component with a fixed temperature of 7.3 keV was used to model the unresolved point sources in the field (Irwin et al. 2003) . The X-ray temperatures and the 0.5-7.0 keV luminosities for all 47 galaxies in our sample, determined within Re, are given in Table 1 .
RESULTS
The correlations between MBH, atmospheric gas temperature (kT ), and X-ray luminosity (LX) of the galactic atmo- Table 1 . The names, distances and effective radii (Re, from van den Bosch 2016), hot gas temperatures (kT ; within Re), 0.5-7.0 keV X-ray luminosities (L X ; within Re), black hole masses (M BH ), effective stellar velocity dispersions (σe), hydrostatic mass estimates (M HE ; within 5Re) and references for M BH /σe, for the 18 BCGs, 16 non-BCG ellipticals, 13 lenticulars and 2 massive compact relic galaxies, studied in this paper. Walsh et al. (2016) spheres were determined using the linmix package (Kelly 2007) in Python that uses a Bayesian linear regression method that accounts for measurement errors in both axes. The results of the correlation analyses, for the BCGs, nonBCGs, and lenticular galaxies within Re, are shown in Fig From Fig. 1 , we see that for the BCGs, MBH correlates strongly with kT within Re (MBH/M =(3.17±0.59)×10
9 (kT /keV) 2.30±0.39 ) with a correlation coefficient of 0.88±0.08 and intrinsic scatter of 0.26±0.08 dex. For the non-BCG ellipti-cal and lenticular galaxies, the correlation is found to be weaker. MBH correlates moderately with the X-ray luminosity in all sub-classes. In Figs. A.1, A.2 and A.3, we see very similar results also for the central 10 kpc, 3Re and 5Re regions, respectively. While for the BCGs the MBH-kT correlation is found to be very strong at all radii, for the non-BCG ellipticals and lenticulars, the same correlation is found to be weak at Re and becomes even worse as we move out to larger radii. For the BCGs, MBH correlates better with kT than with σe, at all radii. Note that, the observed MBH-kT correlation for the BCGs is also much tighter (scatter 0.28 dex at all radii) than that with the large scale intracluster medium temperature (scatter ∼0.4-0.9 dex; see Bogdán et al. 2018; Phipps et al. 2019 ).
DISCUSSION
The well known MBH-σe correlation reflects the connection between MBH and the stellar mass in the very centre of the galaxy, where the contribution of dark matter to the total mass is negligible. The break-down of the MBH-σe correlation at the high mass end, in BCGs seen in the top right panel of Fig. 1 , has been previously discussed (Kormendy & Ho 2013; Hilz et al. 2012 ) and attributed to post-merger violent relaxation in systems undergoing a large number of mergers.
In hydrostatic equlibrium, kT reflects the total mass (Mtot) of the galaxy and therefore, next to the strong MBH − kT correlation, we also expect a correlation between MBH and Mtot for BCGs. We tested this by measuring the hydrostatic masses (MHE) of the BCGs within 5Re, calculated using the relation MHE(< R) = −(R 2 /Gρg) dP/dr at R = 5Re; where G is the gravitational constant. The gas mass density (ρg) and the pressure gradient (dP/dr) at R were determined by fitting the deprojected mass density and pressure profiles with powerlaw model fits. As shown in Fig. 2 (left) , we find a moderately strong and almost linear (slope of 0.86 ± 0.20) correlation between MBH and MHE(< 5Re), with a coefficient of 0.78±0.13 and a scatter of 0.34±0.09 dex. We also calculated the hydrostatic masses within Re and 3Re and obtained similar MBH-MHE correlations (see Fig.  A.4) . The observed scatter could be the result of the inherent uncertainty in the hydrostatic mass measurements due to non-thermal pressure support, which on average contributes ∼ 20-30% of the thermal pressure (Churazov et al. 2010 ). However, it may also be contributed by additional effects such as abundance gradients, uncertainties in the estimation of Re and other systematic uncertainties (Paggi et al. 2017) . At the effective radii of BCGs, dark matter starts to become a significant component of the total mass budget (see Barnabè et al. 2011; Lovell et al. 2018) 1 and at larger radii of 3Re and 5Re, it becomes the dominant component. The observed moderately strong and almost-linear correlation between MBH and Mtot, therefore, indicates that for the most massive galaxies in the centres of groups/clusters, the mass of the central SMBH also correlates with the underlying dark matter halo mass (MDM). We interpret this result in the light of state-ofthe-art cosmological simulations. As discussed in the introduction, using results from the TNG300 simulations, Weinberger et al. (2018) found that for the growth of the most massive SMBHs (MBH > 10 8.5 M ), mergers are the most important channel, with the most massive SMBHs (MBH > 10 10 M ) undergoing ∼1000 mergers, presumably following the mergers of their host galaxies. Given that the BCGs in our sample are among the most massive galaxies in the Universe, the observed near-linear correlation between the total mass of the galaxy and the central SMBH could be a natural consequence of the noncausal coevolution of SMBHs and galaxies through mergers (Weinberger et al. 2018) .
To investigate this further, we divided our sample into "core" and "coreless" galaxies based on the shape of their optical surface-brightness profiles. Using the information available in the literature (Pellegrini 2005; Lauer et al. 2007; Hopkins et al. 2009; Krajnović et al. 2013; Kim & Fabbiano 2015; Saglia et al. 2016; Forbes et al. 2017) , we found 25 core and 16 coreless galaxies in our sample (most BCGs and slow-rotating non-BCG ellipticals are core galaxies, while the S0s and other fast rotating ellipticals are typically coreless). The MBH-kT relations for the core and coreless galaxies are shown in Fig. 2 (right) . The core galaxies are found to have a very strong MBHkT correlation (correlation coefficient ∼0.9, intrinsic scatter ∼0.3) while the coreless galaxies are found to have a weak MBH-kT correlation (correlation coefficient ∼0.5, intrinsic scatter ∼0.6). The cores seen in the optical surface-brightness profiles of mostly elliptical galaxies, are believed to have formed by the stellar excavation accompanying the orbital decay of the binary SMBHs that form as a result of dissipationless ("dry") mergers of their host galaxies. The coreless galaxies, on the other hand, are believed to have gone through dissipative ("wet") mergers ). The observed tight MBHkT correlation for the core galaxies could therefore be a natural consequence of the large number of dry galaxy mergers followed by the gradual inspiral and merger of their SMBHs.
The MBH-kT correlation could also be affected by AGN feedback. The Mtot-kT correlation for early type galaxies is found to have a much steeper slope than the value expected based on self-similar evolution (∼1.5; see Babyk et al. 2018) . The relativistic jets emanating from the central AGN in BCGs are likely to increase the temperature with rethe most massive early type galaxies (M * > 10 10 M ), similar to our BCGs, adopting the Salpeter IMF results in f DM (< Re) of less than 50% while adopting the Chabrier IMF results in a significantly higher f DM (>60% ).
spect to the virial equilibrium value. This effect is expected to be more pronounced in the low-mass galaxies than the high-mass systems (Goulding et al. 2016) , which can explain the steepening of the Mtot-kT relation (Babyk et al. 2018) . While it is non-trivial to assess the exact impact of AGN feedback on the host galaxies, it most likely plays a secondary role in producing the observed MBH-kT correlation.
The low-mass non-BCGs and lenticular galaxies do not show a strong MBH-kT correlation. This may imply that because of the fewer mergers, the applicability of the central limit theorem is limited and the MBH-Mtot correlation is weaker in these low-mass systems. However, the lack of the MBH-kT relation does not need to necessarily imply the lack of the MBH-Mtot correlation. In fact, the modest MBH-LX correlation observed for all three classes of galaxies suggests that the MBH-Mtot correlation might be in place for all galaxies in our sample. Due to their smaller gravitational potentials, non-BCGs and lenticulars are more sensitive to feedback (Kim & Fabbiano 2013 , 2015 Goulding et al. 2016) and for a significant fraction of the lower mass galaxies, the X-ray atmospheres may be in an outflow state (Pellegrini et al. 2018) . Ram-pressure stripping of non-BCG galaxies moving through the intra-cluster medium can remove a significant fraction of the galactic atmospheres, altering the thermal state of the gas. These systems, therefore, may not be in hydrostatic equilibrium and their atmospheric temperatures may not accurately reflect the gravitational potential of the host galaxies.
Finally, although mergers and central limit theorem can provide a plausible non-causal explanation for the observed MBH-kT /MBH-Mtot correlation, a pure merger picture has a difficulty to account for a class of massive compact 'relic' galaxies. These galaxies observed at z∼0, are likely the remnants of the progenitors of giant ellipticals, which remained largely untouched by mergers since their early, rapid dissipative growth (e.g. Trujillo et al. 2014; Ferré-Mateu et al. 2017; Werner et al. 2018; Buote & Barth 2018 . Fig.  1 shows that the two well-studied massive 'relic' galaxies, NGC 1277 and Mrk 1216, lie on the tight MBH-kT correlation for BCGs. This result is puzzling, because those relic galaxies are believed to have avoided the stage of growth by dry mergers, which suggests that an initial correlation between SMBHs and DM halos could have already existed early in the evolution of these galaxies, following the formation of their X-ray atmospheres. This is consistent with the predictions of the EAGLE simulations, where the rapid growth of black holes following the formation of hot atmospheres (see Bower et al. 2017; McAlpine et al. 2018) results in a MBH which is determined by the binding energy of the halo (see Booth & Schaye 2010 . For BCGs, such an initial correlation could have been subsequently strengthened via numerous gas-free mergers with galaxies hosting central SMBHs. For high-mass galaxies, this scenario implies a MBH-Mtot correlation throughout most of the lifetime of the Universe.
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